Tunable symmetry breaking plays a crucial role for the manipulation of topological phases of quantum matter. Here, through combined high-pressure magneto-transport measurements, Raman spectroscopy, and X-ray diffraction, we demonstrate a pressure-induced topological phase transition in nodal-line semimetal ZrSiS.
I. INTRODUCTION
Symmetry-protected linearly dispersed Dirac cones [1] [2] [3] [4] lead to the distinct properties in topological materials such as light effective mass, high mobility 5 and non-trivial Berry phase 6 . These gapless Dirac nodes are known to be protected by crystal lattice symmetries 3, 4, 7, 8 , but an unambiguous experimental demonstration is yet to be done. High pressure acts as an effective means to break crystal symmetry and thus to study the pressure-induced evolution of topological state and to establish a direct connection between the robustness of topological states and the intactness of crystal symmetry. A number of high pressure studies on three-dimensional topological semimetals have been performed previously [9] [10] [11] [12] [13] [14] [15] [16] and pressure-induced topological phase transitions (TPT) have been observed in several systems such as Cd3As2 9, 10 , ZrTe5 11 , TaAs 12 and ZrSiS 16 , which are either irrelevant to symmetry breaking or originating from drastic structural transitions [9] [10] [11] [12] . So far, direct experimental observation of crystal symmetry protection for the non-trivial band topology is still a challenge.
The recently discovered topological nodal-line semimetal ZrSiS is an ideal material to demonstrate how the topological state sensitively relies on the crystal symmetry protection. ZrSiS belongs to a large topological material family WHM (W = Zr, Hf, or rare earth elements; H = Si, Ge, Sn, Sb; M = S, Se, Te) [17] [18] [19] [20] [21] [22] [23] [24] and hosts two types of Dirac states, i.e., the nodal-line state doubly protected by the mirror-and inversion-symmetry (See Appendix A) and the two-dimensional (2D) Dirac state protected by the non-symmorphic symmetry 18, 23 . Owing to the relatively light elements, the spin-orbit coupling (SOC)-induced gap along the nodal line is small (~ 20 meV along the Γ-X direction) 18, 19 , thus relativistic fermion properties such as large magnetoresistivity (MR), high mobility, and non-trivial Berry phase are well-preserved 22, [25] [26] [27] [28] [29] . The 2D non-symmorphic Dirac state hardly contributes to low energy excitations since its Dirac node is far away (~ 0.5 eV) from the Fermi level 18, 19 . Due to no other topologically trivial bands crossing the Fermi level in ZrSiS 18 , its transport properties should be dominated only by the nodal line fermions, which are supported by the recent de Haas-van Alphen (dHvA) and high-field Shubnikov-de Haas (SdH) experiments 27, 28 .
In this work, we show that the topological nodal line state in ZrSiS is found to be robust against ideal hydrostatic pressure, but is suppressed to a trivial state by a weak structural transition or so-called lattice distortions induced by the inhomogeneous compression in non-uniform hydrostatic pressure. The non-uniform hydrostatic pressure generates the shear stress and pressure gradient in the sample and thus may break some crystal symmetries, such as the mirror and inversion symmetries. Our theoretical analysis suggests that the suppression of non-trivial band topology may be attributed to the breakdown of the crystal symmetries caused by weak structural distortions, rather than an obvious structural phase transition or changes in the Fermi surface's morphology.
II. EXPERIMENTAL DETAILS & METHODS
The ZrSiS single crystals were prepared by a chemical vapor transport method 27 .
The stoichiometric mixture of Zr, Si, and S powder was sealed in a quartz tube with iodine being as transport agent (20 mg/cm 3 ). Plate-like single crystals with metallic luster can be obtained via the vapor transport growth with a temperature gradient from 950 °C to 850 °C. The composition and structure of ZrSiS single crystals were checked by x-ray diffraction and Energy-dispersive x-ray spectrometer.
High-pressure resistivity measurements were conducted in a screw-pressure-type DAC using Daphne 7373 oil as the pressure-transmitting medium. Diamond anvils of 300 μm culets and a T301 stainless-steel gasket covered with a mixture of epoxy and fine cubic boron nitride (c-BN) powder were used for high-pressure transport measurements. The four-probe method was applied in the ab plane of single crystals with typical dimensions of 120 × 80 × 10 μm 3 . The magnetoresistivity experiments under high pressure were performed on the Cell 3 Water-Cooling Magnet of the China High Magnetic Field Laboratory (CHMFL) in Hefei. The measurements were done using a field-sweeping method at fixed temperature. The maximum magnetic field was 27.5 T along the c axis. The standard five-probe method was applied on the ab plane of single crystal ZrSiS with dimensions of 100 × 70 × 10 μm 3 for the high-pressure Hall measurements. Pressure was calibrated by using the ruby fluorescence shift at room temperature for all experiments 30 .
In situ high pressure angle-dispersive synchrotron x-ray diffraction (XRD) were performed by using single-crystalline sample powder at 16-BM-D, HPCAT 31 41 . In self-consistent calculations, we used a 1000 k-point mesh to sample the Brillouin zone and -7 for the plane-wave vector cut-off parameter RMT Kmax, where RMT is the minimum muffin-tin radius and Kmax is the plane-wave vector cut-off parameter. We used a second-variation method 42 to take SOC into account. For Fig. 15 , we calculated the Fermi surfaces by using a more refined k-point mesh of 62×62×27. We applied the SKEAF interface 43 to calculate the SdH frequencies.
For Figs. 5-6, we used the aforementioned PAW method in the VASP and utilized the optB88-vdW functional to take Van der Waals correction into account.
We set the cut-off energy of the plane wave basis to 400 eV and sampled the Brillouin zone using the Monkhorst-Pack method with a k-mesh spacing of 0.024 Å −1 . The topological invariant Z2 was obtained via the Fu-Kane parity criterion.
III. ELECTRONIC TRANSPORT
In Fig. 1a , we present the normalized in-plane MR, defined as GPa, the MR starts to decrease steeply, almost by three orders of magnitude at 20.3
GPa (Fig. 1b) , which is accompanied by an abrupt increase in the residual resistivity xx(0) (Fig. 1c) , where xx(0) equals the xx value at 1.8 K. At P = 0.5 GPa, the MR reaches 3.5 × 10 4 % at 27.5 T without a signature of saturation, consistent with the previous studies at ambient pressure 44 . In addition, both the dramatic drop in MR and the significant increase in xx(0) for P > 7.4 GPa suggest a significant mobility reduction under pressure. The direct implication of the remarkable decrease of carrier mobility above 7.4 GPa is that the nodal line state of ZrSiS might be suppressed to a topological trivial state. This can be confirmed by the pressure evolution of quantum oscillation properties of ZrSiS. As shown in Fig. 1a , ZrSiS exhibits the SdH oscillations with two major oscillation frequencies (F ≈ 24 T, F ≈ 246 T, see Fig. 8 ) in good agreement with the ambient-pressure studies 25-27, 29, 44 and can be ascribed to the Fermi surface enclosing the Dirac nodal-line 21, 27 . In this work, we will mainly focus on the higher frequency (F) oscillation component (Appendix C), which belongs to the nodal point along the ZR path (Fig. 13a) . In Fig. 2a , we present the higher frequency oscillation components at different pressures up to 10.0 GPa, which were obtained by removing the smooth MR background and filtering out the low frequency component. Notably, the oscillation patterns exhibit a significant evolution with increasing pressure.
According to the Lifshitz-Kosevich (LK) formula 46, 47 , i.e., ∆ρ ∝ cos [2π(
where B is Berry phase and  = 1/8 is the additional factor due to the three-dimensional Fermi surface, the change in the phase factor should be attributed 
IV. STRUCTURAL PROPERTIES
In order to understand the origin of the pressure induced topological transitions,
we have performed systematic high-pressure synchrotron XRD study with Daphne 7373 as pressure medium. As shown in Fig. 3a , the diffraction spectra display smooth evolution without any abrupt changes up to P = 37.9 GPa. All diffraction peaks can be indexed with the P4/nmm tetragonal structure, indicating the absence of a drastic structural transition as well as the neon gas case in Fig. 3b . We have performed
Rietveld refinements to determine lattice parameters at each pressure. The lattice constants (Fig. 3c) and the unit-cell volume (Fig. 3e) vary smoothly with pressure, while the c/a axial ratio for Daphne oil exhibits a kink near 6.9-7.8 GPa (Fig. 3d) ,
where the electronic properties display sudden changes as discussed above. Such a feature is reminiscent of the electronic topological transition (ETT) tuned by pressure in layered topological insulators [48] [49] [50] , which is usually not accompanied by a discontinuity of the volume but by a change in the compressibility 48, 49 . Although
ZrSiS undergoes a critical change in the compressibility around 6.9-7.8 GPa, the ETT is not expected to occur, since the carrier densities do not change remarkably above 7.4 GPa (Fig. 7b) . Pressure-induced topological transitions in the absence of structural transition in several materials 9, 11, 16, 51 originate from the continuous tuning of electronic band structure rather than being relevant to crystal symmetry. In ZrSiS, however, the SdH oscillation frequency F varies only by 7.5% from 0.5 to 10.0 GPa (Fig. 2d, the 
V. RESULTS & DISCUSSIONS
The Dirac nodal lines of ZrSiS are doubly protected by both the mirror symmetry
Mz and inversion symmetry P on the kz = 0 and kz = π planes. These symmetries are well maintained under an ideal hydrostatic pressure with neon gas as the pressure transmitting medium. Nevertheless, when Daphne 7373 is used as the pressure transmitting medium, the shear stress as well as the pressure gradient can be generated in the sample space, leading to slight lattice distortions as manifested in the anomalies in the pressure coefficients of Raman frequencies (Fig. 4d) , the c/a axial ratio (Fig.   3d) , and the endured strain (Fig. 16 ) near 6-8 GPa. Although our XRD and Raman measurements do not show any clear symmetry change, the recent high-pressure structural work of ZrSiS has observed some signatures of weak structural transition 54 .
Then the symmetry breaking due to non-hydrostatic compression may take place on some very small scale. It is similar to the case of Ba(Fe1-xCox)2As2 55 , in which the C4 symmetry breaking occurs on sub-Ångstrom scale, which cannot be detected by the XRD measurement. The most possible lattice distortion with the lowest energy cost would be the sliding between layers of atoms including the intra-and inter-unit cell parts (Fig. 17) , which often happen in layered materials 56 
VI. SUMMARY
In summary, we find that the topological nodal-line state of ZrSiS becomes a trivial state when pressure is increased above 7.4 GPa with Daphne 7373 as the pressure transmitting medium. The theoretical analysis suggests that the pressure-induced topological phase transition in ZrSiS can be induced by the inhomogeneous compression, which may break down some crystal symmetries and thus destroy the topological nodal-line state.
APPENDIX A: Double protection of nodal lines in ZrSiS by both mirror and inversion symmetries
The layered material ZrSiS has space inversion P, time reversal T and mirror symmetry MZ. We notice that the nodal lines are doubly protected by the MZ and P.
Here we would like to prove that the breaking of either MZ and P does not open a gap at the nodal line. In general, a nodal line can be described by a two-band k.p model
Where τ x,y,z are three Pauli matrices. The time reversal operation T reduces to be a complex conjugation operator for the spinless case. Then we consider the constraint of those three symmetries on the k.p model.

Here P and MZ can be written as if the eigenvalues of an operation for two bands have opposite signs, and written as 0 if the eigenvalues of an operation have the same signs.
For the case of ZrSiS, we can see that two eigenvalues of P at the Γ point is (+-), which indicates P = . Similarly, we obtain MZ = . One can identify the two constraints from both T and P:
The constraints from T and P implies that f 1 = 0, f 2 is an odd function about k, and f 3 is an even function about k.
Let us turn to consider = and have the constrains:
Based on the analysis above, one gets the approximate expressions of f2 and f3:
t are the material-dependent parameters that can be determined by first principles calculations. Thus, we can write the Hamiltonian as follows:
Retaining the terms up to the second order in kα (α=x, y, z) leads to:
Note that this Hamiltonian describes a nodal line at kz = 0 plane for m0 >0, and m1, m2, m3 < 0. Now let us consider a small perturbation that breaks the Mz symmetry but respects P symmetry. The corresponding f2 can be written as
where the last two terms in f2 originate from the small perturbation. The
Hamiltonian turns out to be:
It is clear that f2 =0 gives rise to a slant plane, while f3 =0 leads to an ellipsoidal surface. The plane intersects with the ellipsoidal surface and will give us a nodal line electron.
By carefully fitting the hall resistivity ρxy(B) to this two-band model (Fig. 7a) ,
where n and μ are the charged carrier (electron e or hole h) density and mobility, Due to ρxx >> ρxy in the whole measured field range, the change of Hall resistivity would not affect the determination of Berry phase simply using ρxx. The strain dependence of diffraction line widths could be described by the following relation 57, 58 :
where FWHM is the full-width at half-maximum of the diffraction profile on 2θ-scale.
The symbols d, λ, and σ denote the grain size, X-ray wavelength, and deviatoric strain, 
